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ABSTRACT

The RSRM geometry at 67 seconds is used for the

analysis of the slag behavior in the aft-end cavity using the
FDNS (Finite Difference Navier-Stokes) code to obtain a

better understanding of the relationship between slag

behavior and SRM performance. The FDNS flow solver
is a t-mite difference method for solving Navier-Stokes

equations using non-staggered curvilinear grid system

with multi-zone multi-block option for multiple species to

simulate the complex flow problems. A Lagrangian-

Eulerian particle tracking method is employed in the
FDNS to provide effects of momentum and energy

exchanges between the gas phase and the particle phase.

The particle trajectories are calculated using a one-step

implicit method. The VOF (Volume of Fluid) method is

employed to simulate the slag behavior in the aft-end

cavity of the SRM.
The obtained results reveals the potential impact of

the particles on the operation of the motor as well as its

performance. It is believed that the heat flux and the

pressure distributions in the aft-end cavity will cause
recirculation and influence the design requirements. The
influence will be increased due to the accumulation of the

slag in the aft-end cavity. In the present study, the

particulate phase was assumed to be aluminum oxide

(A1203) only. The accumulated slag changes the shape of

the aft-end cavity and influences the flowfleld. The
obtained analyses of the flowfleld and the slag behavior in

the aft-end cavity using the FDNS code in the present

research can assist the designers to improve the design of
the solid rocket motors.

INTRODUCTION

It is known that the fiowfleld of the solid rocket

motor is very complicated due to the chemical reaction,

particle evaporation, combustion, and breakup, and other

complex characteristics like agglomeration and
coalescence etc. Because the distribution of the particles

affects the performance of the motor, the prediction of the
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particle effects plays an important role for the SRM

design.
Traditionally, metal powders are used in solid

propellants for the purpose of increasing the motor

specific impulse. High density and high heat of reaction
are two factors which contribute to high impulse. It is
known that the simulations of internal flowflelds of SRM

with Al-based propellants require complex multi-phase,

turbulent, and chemical reacting flow models. On the

other hand, because of relative velocity and temperature

difference between particles and the gas flow, inter-phase

drag forces and heat transfer exist. Therefore, the effect

of particles on the flowfield has a significant impact. The

evaporation of the A1 and A1203 transfers the mass from

particulate phase to the gas phase. The combustion of
aluminum produces aluminum oxide and releases heat and

mass. The breakup of the particles affects the flowfleld.
It is known that a recirculation zone near the entry of the

aft-dome cavity disturbs the flowfield and increases the

complexity of interaction between the particle phase and
the nozzle inlet section. This interaction will determine

the slag agglomeration rate which affects the nozzle

erosion and motor performance. All these impacts should

be investigated so that a better performance of SRM can
be achieved.

To provide design guides for maintaining high
performance of the SRM, an accurate simulation of the

gas-particle interaction is very important. Because of the

complex flowfleld inside the SRM, limited experimental
data is available for design purposes. The internal

tlowfleld analysis using CFD (Computational Fluid

Dynamics) method can be utilized to obtain a better
investigation for SRM due to the recent progress in

computing power. There has been some research
conducted in the past for the SRM internal flowfield

analysis using the CFD method.
Madabhushi et al. (Ref. 1) calculated the two-phase

aft-dome flowfleld of the solid rocket motor. The 19-sec

burnback configuration was used for the analysis and no

particle trajectories in the aft-dome cavity was provided.

This may not reveal the realistic particle effects for the

first 19 seconds. Since the particles will accumulate on

the wall and change the shape of the flow passage. Due to

the large impact of turbulent particles, a full configuration



shouldbeusedtoincludetheeffectofupstreamparticles.
Carrieret al (Ref.2) investigatedthealuminum-oxide-
particlefield withina long-boreSRMwith a simple
model.TheLagrangianparticletrackingmethodwasused
inRef.2. LupoglazoffandVuillpt(Ref.3)simulatedthe
stabilityof a 2-DSRMnumericallyby meansof finite
volumeexplicitpredictor-correctorMcCormackscheme
thatsolvestheEulerequation.Sabnisetal(Ref.4)used
anEulerian-Lagrangiantwo-phaseapproachtomodelthe
multi-phasereactinginternalflow of a SRMwith a
metalizedpropellant.Otherstudiesin solidpropellant
rocketmotorshavebeenconducted(Refs.5-8).However,
therealisticapplicationsincludingthemulti-phaseflow
with chemicalreactions,evaporation,combustion,
breakup,andagglomerationmodelswerenotsimulatedat
thesametimeto investigatetheinfluenceoftheparticles
on the SRM. No details about the effects of the

recirculation zone on the motor performance have been

revealed. Due to the complex flowfield at the entry of the

cavity, more investigation for the aft-dome cavity should

be conducted using the numerical approach, since it is
very difficult to measure the data for the internal flow of

the solid rocket motor. It is found that the slag behavior

in the cavity causes the oscillated pressure and may affect

the motor performance. Not many studies have been

made to investigate the effects of the slag accumulation.

To explore the impacts due to the effects of
chemical reaction, recirculation zone, slag behavior, and

particle dynamics, a Navier-Stokes code, FDNS (Refs. 6-

8), is used to analyze the complicated flowfield for the
SRM with chemical reaction, and particle evaporation,

combustion, breakup, and agglomeration models.
The objective of this study is to develop an

advanced particulate multi-phase flow model which can

simulate the effects of particle dynamics, slag

accumulation, and gas flow turbulence for solid rocket
motors. The inclusion of particle/gas reaction, mass

transfer, and slag behavior in modeling the particle

dynamics will allow the proposed models to realistically
simulate the internal flowfield of a solid rocket motor.

NUMERICAL ANALYSIS

The FDNS flow solver is a finite difference method

for solving non-linear governing equations using a non-

staggered curvilinear grid system. This code provides

multi-zone multi-block option for multiple species by

solving the Navier-Stokes equations for the simulation of
complex geometry flow problems. A Lagrangian-Eulerian

particle tracking method is employed in the FDNS to

provide effects of momentum and energy exchanges

between the gas phase and the particle phase. The particle
trajectories are calculated using a one-step implicit

method for several groups of particle sizes by which the

_ag forces and heat fluxes are then coupled with the gas

phase equations. A second-order upwind scheme is

employed to approximate the convection terms. Viscous

fluxes and source terms are disoritized using second-order

central difference approximation. The time domain

discritization of the present method allows the finite

difference equations to be arranged into delta form for

time accurate or steady-state computations respectively.
A CFL number conditioned non-uniform time marching

option can also be used for efficient steady-state solutions.
The final linearized algebraic equations are solved by

iterative point relaxation, ADI or L-U matrix solver.

The flowfield analysis using the FDNS code in the

present research can provide a design guide for solid
rocket motors. The obtained results can give the designer

a basic guide line for the use of materials and the nozzle

geometry. The investigation of the slag behavior in the

aft-end cavity can assist the designer to improve the

design of the RSRM geometry. The VOF (Volume of

Fluid) method is employed to simulate the slag behavior

in the aft-end cavity of the RSRM.

Governing Equations
The FDNS flow solver (Refs. 9-11) provides steady-

state and unsteady flowfield solutions by solving the

following transport equations. The general form of the
mass conservation equation, Reynolds-averaged Navier-

Stokes equations, energy equation and other scalar

transport equations can be written as:

8p U + 8 ( ,_U _ = (1)_-----7- _ p_,,v + _ Ox, ) su

where p and U = (1, u, v, w, h, k, e and ai) stand for the
fluid density and the flow primitive variables for the

continuity, momentum, energy, turbulence model and

species mass-fraction equations respectively. This general

form of the transport equation has one exception that fluid

temperature instead of enthalpy is used for the diffusion
(heat conduction) terms of the energy equation. The source

terms SU for the momentum, energy, turbulence model and

species mass-fraction equations in 3-dimensional space x i

can be written for fully conservative form as:

Su =

Mp

bP+
+

OP +O+Qt_ Vp Di + Mp(h v +Ur212)
Dt
p(P,-e)

+ -
r.On,n = l, ...... N

+ Mp Vpt

where _te = (_t1 + _tt)/c represents the effective viscosity
which is a sum of the laminar viscosity and the turbulence

eddy viscosity then divided by the Schmidt or Prandtl



number,(7. _, Qt andoanarethe energydissipation
function,heat sourceand the speciessourceterm
respectively.Di representthedragforces.Mpdenotesthe
rateof massadditionperunitvolumedueto inter-phase
massexchange.Vi aretheparticlevelocitycomponents.
hvstandsfor theparticlevaporenthalpy.Ur is thegas
velocityrelativeto theparticlevelocity.Prstandsforthe
turbulencekineticenergyproductionratewhichiswritten
as;

p 0x, 0xjJ 3_,_x_J J

The turbulence modeling constants C 1 and C2 are

given as 1.43 and 1.92 respectively in the standard k-e

turbulence model. For the extended model, C 2 = 1.90 is a

modeling constant and C I takes a functional form as:

P £

C t = 1.15 + 0 .25 --

Turbulence Schmidt numbers for the k- and a-

equation are 1.0 and 1.3 respectively for the standard
model. For the extended model these two constants are

modified to be 0.8927 and 1.15 respectively. Turbulence

Schmidt number for the species mass fraction equation is
assumed to be 0.9. The same value is assumed for the

energy equation turbulence Prandtl number (0.7 is used for
laminar flows). To account for compressibility effect on

the turbulence models, two methods of model correction
are available in the FDNS code. They are: (1) k-equation

correction, in which the dissipation term in the k-equation

is modified by a turbulence Mach number; and (2) a-

equation correction, in which the C 1 in the e-equation is

modified by the flow Mach number. An equation of state

of the following form is used to calculate fluid density and

provide closure to the above governing equations.

P
p =

RT / M_

where R, T and Mw stand for the universal gas constant,

fluid temperature and the mixture molecular weight. The

fluid temperature is calculated based on the solution of the

fluid enthalpy and the IANNAF standard thermodynamics

data using a Newton's iteration method for finding the roots

of the polynomials.

Particulate-Phase Equations

The equations constitute the particle trajectory and

temperature history can be written as:

DVi/Dt = (U i - V,)/t d

Dh vlDt = Cp _ (T, - T,)/ t, -6_8fT,'l(pd),

where

Ui =

Vi =

td =

hp =

Tp =
Taw =

=

(7 =,

e =

f =

gas velocity

particle velocity

particle dynamic relaxation time

4ppde/(3Cdp_lUi- Vii )

particle enthalpy

particle temperature

gas recovery temperature
particle thermal-equilibrium time

(p,_)p/[12N. _/(r'r de)]

Stefan-Boltzmann constant

4.76E-13 BTU/Ff2-S-°R

particle emissivity = 0.20- 0.31

radiation interchange factor

Cd and Nu stand for drag coefficient and Nusselt

number for heat transfer which are functions of Reynolds

number and relative Mach number. Typical correlation are
described in references 12 and 13.

Numerical Algorithm
The FDNS flow solver is a finite difference method

for solving non-linear governing equations using non-

staggered curvilinear grid system. This code provides

multi-zone multi-block option (Ref. 14) for multiple

species and finite rate chemistry reacting flow by solving

the Navier-Stokes equations for the simulation of complex

geometry fiow problems. A Lagrangian-Eulerian particle
tracking method is employed in the FDNS to provide

effects of momentum and energy exchanges between the

gas phase and the particle phase. The particle trajectories

are calculated using a one-step implicit method for several

groups of particle sizes by which the drag forces and heat
fluxes are then coupled with the gas phase equations. A

second-order upwind scheme is employed to approximate
the convection terms. Viscous fluxes and source terms are

discritized using second-order central difference

approximation. The time domain discritization of the
present method allows the finite difference equations to be

arranged into delta form for time-marching integration.
Time-centered or Euler implicit time-marching schemes are

employed for time accurate or steady-state computations
respectively. A CFL number conditioned non-uniform time

marching option can also be used for efficient steady-state
solutions. The final linearized algebraic equations are

solved by iterative point relaxation, ADI or L-U matrix

solver. The time-marching scheme is described below. For

convenience, transformed equation (from Xi to _,i system

with J as the Jacobian of coordinate transformation) of Eq.

1 is writterr as:

I _p U 3F_
= ). Su = Ru (2)



whereF representsconvectionanddiffusionfluxes.First,
Eq.2 is discretizedin timewith a second-ordertime-
centeredscheme.Thatis

1 {(pU),+1_(pU),}= I(Ru,+t + Re, )JAt

where superscripts n and n+l represent old and new time

levels respectively. If a sub-iteration procedure within a

time step is applied, the following linearization can be
incorporated.

(pv) 'l = (pv)' + p zxv

Ruk÷l = AUk + Ru

where the superscript k denotes the k-th sub-iteration.

With the above approximations, the final form of the time-

marching scheme can be written as:

The solutions at time level n+l is then updated by:

U "+1 = U k+l = U * +AU _

When k = 1 is selected, a non-Rerative time-marching

scheme with a multi-corrector solution method can provide

time accurate solutions for unsteady flow problems. The

pressure based multi-corrector solution method is

formulated using simplified perturbed momentum and

continuity equations. The simplified velocity correction

equation can be written as:

or, in discrete form,

u/= -_ StV p' and p..t= p.+ p. , (3)
P

where _ represents a pressure relaxation parameter

(typically 10). The velocity and density fields in the

continuity equation are then perturbed to form a correction
equation. Higher order terms are neglected. That is,

( a "l" - v(p,.,)" (4)--aP--+v (,,,p,) + v (pu,,) = -. x::.
at kay)

Substituting Eq. 3 into 4 and letting p' = P'/RT, the

following all speed pressure correction equation is
obtained.

1 8P' +V P -V(13At VP')=- -V(pu,)" (5)
RT _t

To provide smooth shock solutions the adaptive

dissipation terms based on the pressure field is added to

the right hand side of Eq. 5. Once solution of Eq. 5 is

obtained, the velocity and pressure fields are updated
using Eq. 3. The density field is then updated through the

equation of state. The temperature field can also be

modified by using a perturbed temperature correction

equatio n. The entire corrector step is repeated 3 or 4
times such that the mass conservation condition is

enforced before marching to the next time level.

VOF Model

The VOF (Volume Of Fluid, Refs. 21 and 22)

method is used to account for the effect of slag

accumulation in the aft end region. VOF method can be

used to predict the sloshing dynamics, in response to the

flight dynamics and local acceleration of the slag in the aft

end region. Traditionally, VOF methods are mainly

developed and used for low-speed flows such that

incompressibility can be assumed. The incompressible

flow assumption has limited their capability. To

generalize, the present formulation is based on

compressible flow governing equations. The forms of the
equations are then continuously reduced to their

incompressible forms according to the local flow
conditions and the VOF solutions. To illustrate this, a

general transport equation can be written as:

3p(u-u )_q_
3p__.____+ g = S_ (6)

at ax_

And, the VOF transport equation is given below:

aa + (u- u,), _ota-7  7-x=

where a = 1 stands for liquid and a = 0 is for gas. The

interface is located at 1 > c_ > 0. For a given solution of e_

field, equation (6) can be recast as:

ap., ao.(u-u,),,
+ = S¢, o_ < 0.01, for compressible gas

at 3xt

i'_-x/= S_,, c_ 50. 01, for compressible gasdt

and

p_, = Max {pg,ap_}



wherepg and pl denotegas and liquid density
respectively,ug representsthegridspeedcomponents
usedtosimulatemovingdomaineffects.Thenumerical
accuracyof theVOF methoddependshighlyon the
interfaceresolution. To preventthe solutionfrom
becomingtoo smearingdueto numericaldiffusion,a
compressionprocedureis developedto performVOF
interfacerescalingsuchthatthetotalvolumewithinthe
interface( 0.1< tx < 0.9 ) is kept constant through out the

computation. The interface tx solution compression

procedure is expressed as:

_,_, = Max (O,Min [1,0.5 + f(O:o_ - 0.5)]}

and

f

( Interface volume ) ,_

( Interface volume ) _,,,,-t

The surface tension forces in the continuum surface

force model is formulated as continuous body forces
across the interface. These forces can be written as:

(v )̂F x =-(_ rl. O_ x

t,y)

where

o_ = surface tension constant

A A A ^

axisymmetric case only

c_ is 0.5 for the free surface. The VOF method is

used to represent the tracking of the free surface between

the liquid and gas phase.

NUMERICAL RESULTS

A 2-D grid system of 5,735 grids (Fig. 1)
simulating the axisymmetric RSRM configuration was

tested to investigate the slag behavior in tile aft-end

cavity. To simulate a more realistic flight condition, an

initial volume of accumulated slag is assumed in the

cavity at 67 seconds. The assumed volume of the slag

occupies haft of the space of the aft-end cavity. A group

of particles with diameter of 100 [xn't is used to simulate

the particular phase. It is noted that only the configuration
near the aft-end cavity is simulated to investigate the slag

behavior. No chemical reaction and turbulent particle

dispersion analysis are included for this study. No

evaporation, combustion, breakup, and agglomeration

models are applied. Only the qualitative analysis is

attempted. In order to make comparisons, the RSRM
configuration is tested f_rst without particles to simulate

the gas phase. The effects of the particles are then

simulated to investigate the slag behavior.

Without particles

Figures 2, 3, and 4 show the contours of Mach

number, pressure, and temperature, respectively. Smooth
distributions are obtained without the effects of particles.

Maximum pressure is 619psi. Maximum temperature is

6,137°R. Figure 5 illustrates the velocity vectors in the
aft-end cavity without particles. The vortex and an

impinging stagnation point on the wail are predicted. This

is due to the large flow velocity difference between the

chamber and the cavity. The predictions of the flowfield

near the cavity are reasonable based on the physical point
of view.

With particles
Figure 6 shows that the molten particles may enter

the cavity and accumulate on the wall. The particle

impingement could cause the erosion and damage the
nozzle wall. The particles may accumulate in the

impingement area and change the wall shape and then

affect the performance of the motor. The accumulation of

the slag in the aft-end cavity may affect the performance
of the solid rocket motor. The flowfields are disturbed by

the particles and the slag. The phenomenon is reasonable
based on the physical point of view and available

experimental data.
The accumulation of slag may occur depending on

the temperature, the vortex strength, and the flight angle.

The shape of the aft-end cavity dominates the shape and
strength of the vortex. Apparently, the slag accumulation

exist in the aft-end cavity as soon as the propellant burns

in the aR-end cavity. In order to investigate the effects of

the particle size on the slag accumulation, different

particle diameters are used for this purpose. Figure 7
demonstrates that the slag flow rate entering the cavity

depends on the particle size. It shows that an efficient

particle combustion results in a less slag accumulation in
the aft-end cavity. The effects of the particles on the

Mach number and temperature contours are shown in

figures 8 and 9, respectively. The contours are affected

strongly by the particle concentration.

The slag accumulation in the aft-end cavity will

change the particle concentration and affects the flowfield.

Figure 10 illustrates this phenomenon. The slag
accumulation in the aft-end cavity at different time is

shown in Fig. 10. It clearly demonstrates the effects of the

slag on the tlowfields. Figure 10(1) shows the initial
conditions of the assumed slag accumulation and the

particle trajectories near the cavity at t = 0 second. It

shows that the particles impinge on the wall near the entry
of the lower surface of the cavity. The slag should



accumulatein thisarea.Figure10(2)(att = 0.000444
sec)demonstratesthispredictedphenomenon.It is seen
thatparticlesaccumulateonthewallandformtheslag
layer.Theflowfieldwill thenbedisturbedduetothisslag
accumulation.Figure10(3)illustratesthatmoreslag
accumulatedin thecavityat t = 0.0598sec. Theslag
accumulatedontheuppersurfaceof thecavity. It also
showsthattheslagaccumulationin thecavityapparently
changesthefiowfieldof theaft-endcavity.Figure10(4)
showsthattheslagstartsto flowoutof thecavityalong
thewallatt = 0.3482sec.Theparticleconcentrationnear
theentryofthenozzleischangedbytheslag.Theslagin
thecavitymovesduetotheoscillatedacceleration.More
slagcomesoutofthecavityasshownin figures10(5)-(8).
Theslaggrowsbythemergeoftheparticlescomingfrom
thechamber.It is shownthattheparticletrajectories
changedueto theeffectsof theslagaccumulation.The
slagontheuppersurfaceof thecavitymovesdueto the
effectsof thefiowfieldandtheaccelerationof theflight
(alsoseefigures10(5)-(8)).Theslagwill finallyenterthe
nozzleandaffecttheperformanceof thesolidrocket
motor.

CONCLUSIONSANDDISCUSSION

The obtained computational results using FDNS

with the proposed models demonstrate the complex
internal fiowfields of solid rocket motors. The prediction

of the recirculation zone in the aft-dome cavity, the

particle impingement on the wall, the effects of the

particles on the flowfield, and the slag behavior in the aft-

end cavity are very crucial for the improvement of the

solid rocket motor performance. The predicted results are
comparable to the known design values and the flowfield

is reasonable based on the physical point of view.

The fiowfield analysis using the FDNS code in the

present study can provide a design guidance for the solid

rocket motors. Especially, the obtained results can

provide the designers a basic guide line for the use of
materials and the design of the geometry. The analysis of

the slag behavior plays an important role for the SRM

design, since the distribution of the slag changes the

flowfield at the entry of the nozzle and affects
performance of the motor. A better performance of the

solid rocket motor can be achieved by modifying the

geometry of the aft-end cavity using the CFD method to

prevent the formation of vortex and slag accumulation in

the aft-end cavity. The geometry of the propellant grain

can aiso be modified using the CFD method to increase

the combustion efficiency.
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F_g_trc '4 Temperature contours ofRSI_M, no pa__cle.s.
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Figure .5Velocity vectorsneat the_t-¢nd c_vity,no p_cle.s.
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Hguz'= -8 Math m,u_r ¢onmu.,u of R3_",4. with panicles.
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O) t=O.O sec.

I_gu_ ',9 Temperam_ contours of RSR_%£ with particles.
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(_.) . t=1.9585 sec. _J t--4.7209 sec.

(_ t=5.3609 sec. ($;. _--G.2115 see.

IgEm_ I 0 (cominu_) Slag _p h_tory m _ aft-end cavity.
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